Bone morphogenetic protein (BMP)-2 plays a central role in bone-tissue engineering because of its potent bone-induction ability. However, the process of BMP-induced bone formation in vivo remains poorly elucidated. Here, we aimed to establish a method for intravital imaging of the entire process of BMP-2-induced ectopic bone formation. Using multicolor intravital imaging in transgenic mice, we visualized the spatiotemporal process of bone induction, including appearance and motility of osteoblasts and osteoclasts, angiogenesis, collagen-fiber formation, and bone-mineral deposition. Furthermore, we investigated how PTH1-34 affects BMP-2-induced bone formation, which revealed that PTH1-34 administration accelerated differentiation and increased the motility of osteoblasts, whereas it decreased morphological changes in osteoclasts. This is the first report on visualization of the entire process of BMP-2-induced bone formation using intravital imaging techniques, which, we believe, will contribute to our understanding of ectopic bone formation and provide new parameters for evaluating bone-forming activity.
phosphatase) received CS implantation and were then subjected to intravital imaging on days 7, 10, 14, and 21. PTH administration (40 μg/kg/day, 5 days/week) 13, 24, 25 was initiated 1 week before CS implantation and continued until the end of observation. In untreated mice, OBs and the formation of centrally oriented CFs were initially observed on day 10, the same time point as in Col2.3-ECFP mice. OCs also appeared on day 10 in and around the induced bone, and the localization of OCs shifted to the outer edge of the induced bone over time. Notably, PTH administration accelerated both OB differentiation and CF formation, which were detected on Day 7; in contrast, PTH did not affect OC differentiation (on day 10) ( Fig. 4a ). The eccentricity value of 0.961 indicated that cellular shape was close to a straight line. The image was created by R (version 3.5.0, https://www.r-project.org/). (d) Eccentricity measurement from day 10 to day 21 after CS implantation. n = 8-10, representative of images collected from 4-5 mice/group. (e) Changes in the number of OBs/visual field. n = 4/group. (f) Mean velocity of OBs/visual field. Data points (n = 168, 208, and 83 on days 10, 14, and 21, respectively) represent single cells collected from three mice/group. Data are presented as means ± SD. **P < 0.01; ***P < 0.001; NS, not significant (Kruskal-Wallis test). (g,h) Heat map showing expression levels for a subset of genes that were differentially expressed on days 10 and 14 in ectopic bone. The images were created by Canvas software (version X 16, https://www. canvasgfx.com/). (g) Genes associated with 'organization of cytoskeleton' . (h) genes associated with 'osteoblastic differentiation' . n = 3/group. Data are presented as means ± SD. *P < 0.05 (Mann-Whitney test). Example of CFOI calculation for the day 10 image shown with cylindrical Fourier spectrum. The normalized magnitude of the spectrum is shown in a color-coded form. Our method calculates the sum of the magnitude for each angle (shown by the bar plot) and searches the direction of the major orientation; once the major orientation is decided, the sums of the magnitude in the major orientation (red bars) and minor orientation (cyan bars) are obtained and their ratio is calculated. The CFOI value here of 0.748 indicates parallel orientation of the CFs. The image was created by R (version 3.5.0, https://www.r-project.org/). www.nature.com/scientificreports www.nature.com/scientificreports/ PTH-induced increase in bone volume was confirmed using micro-CT and histological analyses, which revealed markedly elevated bone volume in PTH-treated mice on day 14 ( Fig. 4b , Supplementary Fig. S3a,b ).
We also investigated how PTH treatment affected CF orientation and OB morphology ( Supplementary  Fig. S4 ). In accordance with the earlier formation of CFs and differentiation of OBs (observed on day 7), in response to PTH administration, the CFOI, eccentricity, and OCI values could be calculated in the PTH group but not in the control group on day 7 ( Fig. 4c-e ). Furthermore, the subsequent changes in the CFOI and eccentricity values were also accelerated by PTH administration. These results suggested that PTH administration enhanced BMP-2-induced bone formation by stimulating the differentiation of OBs. www.nature.com/scientificreports www.nature.com/scientificreports/
Effects of PTH on number and motility of OBs and OCs. Finally, we investigated how intermittent
PTH administration affects the dynamics of OBs and OCs ( Fig. 5a, Supplementary Movie 3 ). In Col2.3-ECFP/ TRAP-tdTomato mice that were not treated with PTH, OBs appeared on day 10 and their number peaked on day 14, after which the number declined by day 21. In contrast, after PTH administration, the number of OBs peaked on day 10 and was significantly higher than the numbers measured on days 7 and 10 in the absence of PTH treatment. Furthermore, the OB number in PTH-treated mice did not decrease from day 14 to day 21, whereas the number showed a decreasing trend in untreated mice during the same period ( Fig. 5b ). Analysis of PTH-induced change in OB motility revealed that the mean velocity of OBs decreased over a period similar to that observed in the absence of PTH treatment, although the velocity at day 10 was significantly higher than that measured in the www.nature.com/scientificreports www.nature.com/scientificreports/ absence of PTH administration (Fig. 5c ). These results showed that PTH administration led to differentiation, with increase in OB number and motility.
In the case of OCs, the cells were fewer in PTH-treated mice than in untreated mice, and the OC number increased gradually over time after PTH administration in contrast to the number measured in the absence of PTH, which remained constant after day 10 ( Fig. 5d ). Histological evaluation using TRAP staining supported the findings of in vivo imaging ( Supplementary Fig. S3c ). We evaluated the morphological change in OCs (amoeboid movement) using a cell deformation index (CDI) according to a previous report ( Supplementary Fig. S5) 26 ; low CDI value (static OCs) is reported to correlate with high bone-resorptive activity. Our analysis revealed that CDI values decreased over time both in the presence and absence of PTH administration, although the values were significantly lower in PTH-treated mice than in PTH-untreated mice on days 14 and 21 (Fig. 5e ). These results suggested that PTH increases the bone-resorptive activity of OCs in BMP-2-induced ectopic bone.
Discussion
Advances in imaging technology have enabled intravital two-photon imaging of normal bone as well as bones in several disease models [12] [13] [14] 26, 27 . However, a technique for intravital imaging of ectopic bone formation in soft tissue was not established because of the challenges associated with controlling body motion (breathing and heartbeat) and exposure-related bleeding. In this study, we developed a method for intravital imaging of BMP-2-induced ectopic bone formation, in which a flipped ossified lesion was examined using inverted two-photon microscopy. This technique allowed spatiotemporal visualization of the entire bone formation process, which is initiated by the formation of blood vessels 28 and is followed by the induction of OBs and OCs, the formation of CFs, and mineral deposition. Similar results were obtained for histological evaluation. Furthermore, we were able to quantify dynamic changes in the motility of OBs and OCs in BMP-2-induced bone, which cannot be evaluated using conventional histomorphometric analyses. Finally, our study revealed that pharmacological intervention using PTH caused earlier differentiation and increased the motility of OBs, whereas it decreased the morphological changes in OCs in vivo. Here, we have also proposed three dynamic quantitative parameters for the optimization of ectopic bone formation.
First, we developed methods for quantifying CF orientation, OB morphology, and their correlation. In the early stage of ectopic bone formation, spindle-shaped OBs were recruited and unidirectional CFs were observed, and the OBs and CFs showed orientational correlation. This result agreed with a previous report showing that CF orientation is determined by OB orientation, which, in turn, is regulated by scaffold anisotropy 29 . Furthermore, our RNA-seq results showed that genes associated with 'organization of the cytoskeleton' were significantly upregulated between days 10 and 14, which also supported the report that cytoskeletal reorganization depends on the scaffold anisotropy 29 . As the blood vessels that were induced at the early stage were formed towards the center of the implanted CS, and as the endothelium serves as a template on which bone-forming cells build new bone tissue 30 , the blood vessels (endothelial cells) are expected to serve as a scaffold for OBs. The morphology of OBs changed from being spindle-shaped to cuboidal, and the orientation of CFs changed from anisotropic to isotropic over time in accordance with the maturity of the induced bone. These results suggested that the scaffold anisotropy changed to isotropic due to the increase in the volume of the induced bone, which acted as a scaffold for the OBs. Furthermore, at the early stage, PTH administration increased CFOI (isotropic change) and decreased OB eccentricity. These indices can be used as indicators of the maturity of BMP-2-induced bone.
Second, the motility of OBs is expected to reflect the increased recruitment of new OBs caused by the acceleration of the differentiation of mesenchymal stem cells or progenitor cells. Increased OB motility, which precedes the increase in bone volume (Figs. 1c, 2f ), can act as an indicator of the subsequent active bone formation. The motility of OBs is expected to be a more sensitive indicator of bone formation than the number of OBs, as the OB number measured may potentially include OBs that are buried in the bone matrix and do not actively contribute to bone formation. The earlier than normal appearance of OBs induced by PTH might be supported by the effects of PTH on Wnt signaling, which accelerates osteogenic differentiation of mesenchymal progenitor cells instead of adipogenic differentiation 19, 20, 31 , reactivates lining cells 32, 33 , and suppresses apoptosis in OBs 19, 34 . These findings also suggest that the anabolic effect of PTH is markedly stronger in newly forming bone than the effect observed in bone undergoing normal remodeling.
Third, the dynamic change in OC morphology was quantified using the CDI value, which was found to decrease after PTH administration. Excessive BMP-2 signaling upregulates DKK1 and Sost, which negatively regulates the Wnt pathway 35 . PTH suppresses the negative action of DKK1 and Sost on Wnt receptor and activates Wnt signaling 36, 37 . Therefore, the administration of PTH during BMP-2 induced bone formation can lead to synergistic bone formation by enhanced osteoblastic differentiation and suppression of osteoclastogenesis 21 . The PTH-induced decrease in OC number on day 10 can be explained by this mechanism. The increase in the number of OCs following PTH administration might be a secondary effect produced by the increased RANKL expression induced by the elevation in OB number 38 .
In this study, PTH treatment decreased CDI values on days 14 and 21. CDI decrease is reported to correlate with the increase in the number of static bone-resorptive OCs 26 . The measurement of CDI can be used as a dynamic indicator of bone remodeling by OCs in BMP-2-induced ectopic bone formation.
In vivo quantitative analysis of how and when pharmacological agents that affect ectopic bone formation can facilitate the optimization of this process is lacking. Studies are underway to elucidate the controversial origin of the OBs that contribute to ectopic bone formation using intravital imaging of ectopic bone formation 39 .
In this study, we established a novel method for intravital imaging of BMP-2-induced ectopic bone formation. However, early events of BMP-2-induced bone formation, such as emergence of skeletal stem cells in the capillary vessels or chondrogenesis, were not visualized. Therefore, our future goal of this intravital imaging system for bone formation is the simultaneous visualization of skeletal stem cells and chondrocytes during the early bone formation process. By establishing this model, we hope to elucidate the contribution of skeletal stem cells in the Scientific RepoRtS | (2020) 10:4751 | https://doi.org/10.1038/s41598-020-61825-2 www.nature.com/scientificreports www.nature.com/scientificreports/ capillary vessels and chondrocytes during bone formation and the effects of pharmacological treatment on skeletal stem cells or chondrocytes during the bone formation [40] [41] [42] .
In conclusion, a novel method for intravital imaging of BMP-2-induced ectopic bone formation was established, and the effects of PTH administration on the formation of OBs, OCs, and CFs were quantified in vivo. We believe that this imaging method will provide novel insights, which will enhance our understanding regarding the in vivo dynamic mechanism of BMP-2-induced bone formation and the methods required to optimize this induction process.
Materials and Methods
Mice. Male C57BL/6 J mice were purchased from Clea Japan (Tokyo, Japan). The generation of Col2.3-ECFP mice and Col2.3-ECFP/TRAP-tdTomato mice (double-fluorescent-reporter mice) has been described previously 13, 26 . In Col2.3-ECFP mice, ECFP expression is driven by the type I collagen promoter in OBs; in TRAP-tdTomato mice, the expression of the red fluorescent protein tdTomato is driven by the TRAP promoter in OCs. All mice were maintained under specific-pathogen-free conditions and used in accordance with the guidelines of the Institutional Animal Care and Use Committee of Osaka University. All our experimental protocols were approved by the Animal Experimental Committee of Osaka University.
Surgery for subcutaneous ectopic bone formation. Male Col2.3-ECFP and Col2.3-ECFP/
TRAP-tdTomato mice (12-16 weeks old) were used for the experiments described herein. A degradable CS (Colla Tape Absorbable Collagen; Zimmer Biomet Holdings Inc.) was cut into 4 × 6 mm fragments, and 2.5 μg rhBMP-2 (Osteopharma Inc.) dissolved in phosphate-buffered saline (PBS) was applied into the CS fragments immediately before implantation. The rhBMP-2 dose was determined based on the results of a preliminary study (data not shown). Mice were anaesthetized with isoflurane (Escain; 2.0% vaporized in 100% oxygen), and before surgery, their skin was shaved and disinfected using 70% ethanol. Next, a 10-mm paramedian longitudinal incision was created on the back and subcutaneous tissue and bluntly separated laterally; a silicone sheet (Koken CO., LTD.) was inserted between the fascia and the skin to prevent CS adhesion to surrounding tissue. Finally, the CS was implanted between the silicone sheet and the subcutaneous tissue; the silicone sheet was sutured to the skin, and the wound was closed using stitches ( Fig. 1a ).
Intravital two-photon imaging of ectopic bone formation. On days 7, 10, 14, and 21 after CS implantation, mice were anaesthetized as described above, and the skin of the back, including the CS implantation site, was inverted after a U-shaped incision. The implantation sites were exposed by removing the silicon sheet. The inverted skin was fixed on the microscope stage with tape and covered with glass to maintain a wet environment ( Supplementary Fig. S1a ). An inverted two-photon microscope was used for the following examination. Imaging was conducted at the outer part of the CS where bone formation starts (Fig. 1a) . The observed area for the newly formed CFs was the outside of the implanted CS, which was easily distinguishable from the newly formed CFs. During the intravital imaging experiments, the imaging box and the anaesthetized mouse were maintained at a constant warm temperature using heated air. Heart rate was monitored using an electrocardiogram monitor device (Nihon Kohden), and the anesthetic gas concentration was adjusted by using the heart rate as a guide. conditions for two-photon microscopy. The imaging system comprised a Nikon inverted two-photon microscope (A1-MP; Nikon) equipped with a 20× water-immersion objective lens (CFI APO LWD Lambda S 20× WI/0.95; Nikon), and was driven by a laser (Chameleon Vision II Ti:Sapphire; Coherent, Inc.). Multi-fluorescent images were acquired via direct detection of fluorescence using four external non-descanned detectors equipped with dichroics and emission filters: an infrared-cut filter (DM685), three dichroic mirrors (DM458, DM506, and DM561), and four emission filters (417/60 for the SHG image, 480/40 for ECFP, 534/30 for autofluorescence, and 612/69 for tdTomato/rhodamine/alizarin) 13 . The excitation wavelengths were 820 nm for ECFP, rhodamine (for visualization of blood vessels), alizarin (for calcium staining), and SHG in Col2.3-ECFP mice; 900 nm for ECFP, tdTomato, and SHG in Col2.3-ECFP/TRAP-tdTomato mice. The acquired images were subjected to channel unmixing using NIS Elements integrated software (Nikon) for autofluorescence and crosstalk reduction. Tetramethyl rhodamine (2000 kDa; Invitrogen Co., Ltd.) was intravenously administered before imaging, and alizarin (40 mg/kg; Muto Pure Chemicals CO., LTD.) was intraperitoneally administered the day before imaging.
For intravital time-lapse imaging of the implantation site, image stacks were collected at 3-μm vertical steps at a depth of 50-150 μm, and X-Y resolution of 512 × 512 or 1,024 × 1,024. For imaging CF and OB morphology, the image stacks were collected at 3-μm vertical steps at 50-200-μm depth and 2,048 × 2,048 ×-Y resolution.
Raw imaging data were subjected to channel unmixing for autofluorescence and crosstalk reduction and advanced denoising for noise reduction, and the maximum intensity projection images were corrected for XY drift using the NIS Elements integrated software according to the manufacturer's standard protocol.
intermittent administration of ptH. The murine model of intermittent PTH treatment has been described previously 13, 24, 25 . Male Col2.3-ECFP/TRAP-tdTomato mice (12-16 weeks old) were treated with PTH1-34 (teriparatide; Eli Lilly and Company, 40 μg/kg/day, 5 days/week), which was delivered via subcutaneous injections according to the previous reports 13, 24, 25 . Injections were initiated 1 week before implantation surgery and were continued until intravital imaging was performed at 7, 10, 14, and 21 days after the surgery. www.nature.com/scientificreports www.nature.com/scientificreports/ containing 2% fetal bovine serum and then stained with allophycocyanin-conjugated anti-mouse CD45 antibody (BioLegend), phycoerythrin-conjugated anti-mouse CD45 antibody (eBioscience), and 7-aminoactinomycin D (7AAD) (eBioscience). Hematopoietic cells and dead cells were gated out based on anti-CD45 and 7AAD staining. The stained cells were sorted using a FACSAria II system (BD Biosciences).
RNA-seq analysis. ECFP + OBs were isolated from ectopic bone using a FACSAria II system, and total RNA was extracted from the collected cells using a miRNeasy kit (Qiagen) according to manufacturer's instructions. For RNA library preparation, cDNA was generated using the Clontech SMART-Seq v4 Ultra Low Input RNA kit (Takara Clontech, Mountain View, CA, USA). Each cDNA sample was sheared (200-500 bp) on a Covaris S220 (Covaris, Woburn, MA, USA) and prepared using KAPA library preparation kits (Kapa Biosystems, Wilmington, MA, USA). Sequencing was performed on an Illumina HiSeq 2500 platform in the 75-base single-end mode. The Illumina Casava 1.8.2 software was used for base-calling. The raw reads were mapped to the mouse reference genome sequences (mm10) using TopHat ver. 2.0.13 in combination with Bowtie2 ver. 2.2.3 and SAMtools ver. 0.1.19. The number of fragments per kilobase of exon per million mapped fragments (FPKMs) was calculated using Cufflinks ver. 2.2.1 43, 44 . Bioinformatics analyses were conducted using Ingenuity Pathway Analysis software (Ingenuity Systems; Qiagen). Raw data obtained in this study have been submitted to the Gene Expression Omnibus (GEO) (accession number: GSE123985).
OB morphological analysis based on eccentricity.
To quantify the changes in OB morphology, we used eccentricity as a measure of cellular shape. Eccentricity is defined by − L L 1 / minor major 2 2 , where L minor and L major are the lengths of the minor and major axes of the cell. The eccentricity of a circle is 0 and that of a straight line is 1. Here, the contours of OBs were manually detected from cropped images using the NIS Elements software, and the eccentricity of each cell was calculated using the computeFeatures function in EBImage (ver. 4.22.1) package. cfoi analysis. To quantify changes in CF orientation, we developed a method of image analysis for obtaining the CFOI based on Fourier transformation; 2D Fourier transformation analysis has been widely used to measure CF orientations 45 . We applied the technique to two-photon microscopy images of the SHG channel, and implemented the CFOI method in R (ver. 3.5.1) with the image-processing aspect using the EBImage (ver. 4.22.1) package.
Pre-processing for image analysis was performed as follows. First, small collagen-texture-rich areas (512 × 512 pixels) were cropped from original images (2,048 × 2,048 pixels), and the SHG channels were extracted and converted to grayscale. Next, the images were windowed using a Gaussian profile 46 to avoid 'edge effects' in subsequent Fourier analysis, and the power spectrum was obtained using 2D Fourier transformation and converted to cylindrical coordinates.
CFOI, which indicates the degree of CF orientation, was calculated from low-pass-filtered cylindrical Fourier spectra. Before calculating the CFOI, a low-pass filter was used to remove high-frequency components, such as undulation on the CFs or noise. In this case, the high cut-off frequency was set at 10 pixels (~3.2 μm). CFOI is the ratio of the sum of magnitude for the major orientation to that for the minor orientation. Here, we defined major orientation as the direction that maximized the sum of spectral magnitude, including plus and minus 45°; minor orientation was defined as the diagonal direction of the major orientation. CFOI ranged from 0 to 1; values close to 1 indicated random distribution of CFs in the field of view, whereas low values indicated an increased population of parallel-oriented CFs. orientational correlation between cfs and oBs. CF orientation relative to OB orientation was quantified using a cross-correlation method. CF orientation was characterized as the sum of the magnitude for each angle (as described above). This sequence of the sums of magnitude is represented as θ f ( ), 0 360 ≤ θ < . Conversely, the characteristics of OB orientation were determined by calculating the average of the cell radius for each angle, θ g( ), 0 360 ≤ θ < . Cross-correlation analysis between θ f ( ) (sum of fiber magnitude for each angle) and θ g( ) (average of cell radius for each angle) revealed directional relationships, and we defined OCI as the correlation value at 90° rotation, ∫ θ θ τ θ
High OCI indicates that CF and OB orientations are both anisotropic and that they are orthogonal.
Analysis of OB motility. OB motility was analyzed using the Imaris software (Bitplane). In the intravital time-lapse imaging of ectopic bone formation in Col2.3-ECFP and Col2.3-ECFP/TRAP-tdTomato mice, the OBs were tracked semi-automatically at 10-min intervals for 3 h. A dynamic parameter (mean velocity) was directly obtained from the software. CDI analysis for quantifying osteoclastic activity. OC morphological changes were quantified based on the CDI using the image analysis software CL-Quant 2.30 (Nikon) to track the changes in OC morphology 26 . Cell shapes were semi-automatically recognized by the software, and the CDI was calculated as the ratio of the cell areas changed over 10 min. CDI decrease is reported to correlate with the high bone-resorptive activity of OCs.
Tissue preparation and staining. The tissue samples of ectopic bone were fixed in neutral buffered formalin, decalcified, infiltrated, embedded in paraffin wax, and sectioned at a thickness of 5 μm 21, 47 . The sectioned samples were deparaffinized, and then stained with hematoxylin and eosin (H & E) using standard procedures. TRAP staining was performed using a TRAP staining kit (Cosmo Bio), according to the manufacturer's protocol 48 . Micro-ct. Micro-CT was used to quantify the volume of induced bone at 7, 10, 14, and 21 days after surgery. Samples were scanned with R_mCT (Rigaku Mechatronics); scanning was performed using a source
